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Grand-degn, flocculent and even irregular galaxies hog interdellar magnetc fields with a well
orderedspiral structure. In grand-degyn galaxiesthe fields arealignedparalel to the optical spiral
arms but the stronges regular fields are foundin interarmregions sometmesforming “magneitc
spiral arms betweenthe optical ones Magneticfields in the optical spiral armsare strong but
irregular, dueto tangling by procesesrelatedto star formation. Faradayrotation o the polarizaion
vecbrs shows paterns which supportthe existence of coherentiarge-scale fieldsin galacic disks,
signauresof dynamoacton. In barredgalaxies the magneic field seemsto follow the gasflow
within the bar. However, the location of the shock front in the magnetic field deviatesfrom that
expecedfrom hydrodynamialmodek. Within (andinterior to) the circumnucearring the field is
agah of spiral shapewhich lead¢o magneic stresses, possibly driving gasinflow towardstheacive
nuclus The SquareKilometer Array should be ale to revealthe weath of magneit structuresin
galxies

1 Introduction

Linearlypolarizedradio continuumenmissionis a powerful tool to studythe strengthand structureof
interstellarmagneticfields in galaxies.Cosmic-ray electronsspirallingaroundthefield lines emit
synchrotrorradiation,the dominant contribution to radio continuumemissionat centineterand
decinmeter wavelengths.If cosnic-ray electronssuffer strongenepgy lossesvia synchrotronemission,
synchrotronintensitydependsnainly onthe productionrateof cosnic rays[1]. In suchacasethe
synchrotrorradio spectrunmshows a steepeningwith decreasingvavelengthwhich, at centimeter
wavelengths,is obsered only in afew galaxies,eg. NGC 2276with its exceptionallystrongmagnetic
field [2]. In asanple of 74 spiral galaxiesnotendenyg of the synchrotronspectralindex « to steepen
with increasingmagneticfield strengthwasfound[3]. The averagevaueis«a = 0.85 £ 0.02, with a
standarddeviation of 0.13[4]. In conclusion,most galacticspectraarenot significantly affectedby
synchrotron(or inverse Compton)lossesandsynchrotronintensitydependsn thetotal field
conponentB; | in theplane ofthe sky with atleastthe power (1 + «). The dependencés gronger
(o B;:’j“) if equipartitionbetweencosmic-ray and magneticfield enegy densitiesholds. Equipartition
is probablyvalid on scalesof afew kiloparsecsput may beviolatedon smaller scaleg5] and in
stronglyinteractinggalaxies[2].

A mapof thetotal radiointensity(Fig. 1) isamap of thetotal interstellar magneticfieldsilluminatedby
cosnic-ray electons polarizedintensity (Fig. 2a) revealstheresolvedegular field. Small-scale
variationsin radiointensityaremainly dueto variationsin field strength.The visibility of fieldsis
limited by the diffusionlengthof cosnic-ray electronsof afew kiloparsecdrom their birthplacesn
starforming regions. Thusmagneticfields may still be strongfar away from radio-brightregions.
Using Faradayrotationmeasure®f backgroundsourcesregularfields canbe detecteduntil large
distancedrom a galaxys centerif a haloof ionizedgasexists. In M31, for exanple, theregularfield is
stronguntil atleast25 kpc radius|[6].
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Figure 1. Total radio emisson of M83 and B—vectorsof polarizedemission at A6.2 cm (VLA, 10" syntheszed
beam),combhedwith the extendedemisson observed with the Effelsberg 100-mtelescope(2!5 resdution) and
supermposed onto an optical imageof D. Malin (AAO). The lengh of B—vecbrsis proporionalto polarized
intensty. Faradayrotationhasnotbeencorrectedasit is belov 10° (Beck,Ehle, Sukumar& Allen, in prep.)

2 Depolarization and Faraday rotation

Synchrotronemissionis highly linearly polarized,intrinsically 70—-75%in a completely regular
magneticfield. Theobsenable degreeof polarizationin galaxiesis reducedoy Faraday
(wavelength-dependéndepolarizationin magnetizegplasma douds,by geonetrical
(wavelength-indeperett) depolarizatiordueto variationsof the magneticfield orientationacrosshe
telescopdbeamandaong theline of sight, and bya cntribution of unpolarizedthernal emission(on
averagel0-20%eat centineterwavelengths,up to 50%locally). Typical fractionalpolarizationsin
galaxiesarelessthanafew percentin centralregions andspiral arms, 20—40%in betweenthe spiral
arms andin outerregions. Thus,polarizedradiointensitiesare weak,and only the largesttelescopesre
sufficiently sensitve to detectthem The Effelsbeg 100-msingle-dishtelescoperovidesanangular
resolutionof 12 atA2.8 cmand2!5 at A6 cm (Fig. 5). SynthesistelescopegVLA, ATCA, WSRT) offer
higherangularresolutionbut misslarge-scalestructuresin extendedobjectslik e nearbygalaxies.
Missingflux densityin StokesQ and U mapsleadsto wrong polarizationangles. Combination of
single-dishandsynthesisdatain al Stokesparangtersis required(Figs.1, 2a and 4).

The B—vectorsof linearly polarizedemssionjust indicateanisotiopy of the magneticfield distribution
in the emissionregion. Imaginethata magneticfield without ary regular structure(anisotropicrandom
field) is compressedn onedimensionby a shock.Emissionfrom theresultinganisotropicfieldis
linearly polarizedwith orderedB-vectors,but thefield is incoheent, i.e. it reversesdts direction
frequentlywithin thetelescopéeam Faradayrotation measues (RM) are essentiato distinguish
betweencoherentandincoherenfields. The sign of RM gives thedirectionof thefield conmponent
alongtheline of sight.
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NGC6946 18cm Polarized Intensity HPBW=15" (VLA)
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Figure2: 2a(left) Polarizedradio emisson of NGC 6946at 6.2 cm (VLA, 15" syntheszedbeam),combined
with the extendedemisson observed with the Eff elsberg 100-mtelescope(2!5 reslution) andsuperimposdonto

anopticalimagefrom the POSSThelengthof B—vecorsis proporionalto polarizedintensty (from [12])

2b (right) Polarizedradio emisson of NGC 6946at A18.0 cm (VLA, 15" syntheszedbeam).Compari®on with

Fig. 2areveakregionsof Faradaydepohrizaion,epecally in the southernandwedern parts of thegalaxy (Beck,

in prep.)

At centimeterwavelengthsFaradayrotationanglesof the polarizationvectorsvary with A2, Typical
interstellarrotationmeasure®f ~50rad/m? leadto 10° rotationat A6 cmand3° at A3 cm. Below
aboutA3 cm Faradayrotationis 9 small thatthe B—vectors(ie. the obsened E—vectorsrotatedby 90°)
directly tracethe orientationof theregularfield in the sky plane.To detectsmall rotationmeasures,
obsenations atthe lagestpossiblewavelengthin the Faraday-thirregime arerequired,eg. A ~ 13 cm.
Such systens are availableat the Effelsbeg, ATCA and WSRT telescopeshut notyet at the VLA.

At decinmeter wavelengthg-aradaydepolarizatiorsignificantly affectsthe polarizedradio

emission[7, 8]. DifferentialFaradayrotationalong theline of sightleadsto zeropolarizedintensity
(“Faradayshadavs”) at certainwavelengthswherethe obsened rotationof the polarizationangle
reachesnultiples of 90°. Hence filamentsof vanishingpolarizedintensity acconpaniedby 90° jumps
in polarizationangle acrosghefilament,do notindicateregions with vanishingelectrondensityor
vanishingfield strength.

Polarizationsurveys in our Galaxy have revealedvariousfeaturedn theforegroundFaraday
screen9-11]. This opensanew windaw to study the small-scalefield structures.However, true
featureshave to be distinguishedrom Faradayshadevs by mappingin several nearbyfrequengy
channelsFor example, sorre small featureswith zeropolarizedintensityin NGC 6946at A18 cm
(Fig. 2b) disappeant A20 cm andhenceareonly “shadavs”.

Randomfields cause'Faradaydispersion”,and only polarizedemissionfrom an upperpart of the disk
or thehalois detected Lamgeregionsof a galaxy canbedepolarizecconpletely (Fig. 2b). HereFaraday
rotationanglesdo nolongervary linearly with A2 and RM is nolongerproportionalto the regularfield
strength.The obsened RM may even changeits signwithout a reversalin field direction[7].
Neverthelesspolarizationdataat longwavelengthscontainvaluableinformations: Obsenations at
several nearbywavelengthstracedifferentlayersof the galaxyandthusallow galactic tomography
(Note,however, thatthe thicknessof the obsenable layerincreasesvith frequeng.)
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3 Magnretic field strengths

The averagestrengthof thetotal (B, | ) andtheresohedregularfield (B, | ) componentsin the plane
of the sky canbe derived from thetotal and polarizedradio synchrotronintensity respectiely, if
enegy-densityequipartitionbetweencosnic raysandmagneticfields or minimum total eneigy density
is assuned. The standardminimum-enegy formulaegenerallyusea fixedintegrationintenal in radio
frequencyto deternine thetotal eneigy densityof cosnic-ray electrons.This proceduremakesit
difficult to compareminimum-enenpy field strengthsbetweengalaxiesbecause fixed frequeny
interval correspondso differentelectronenegy intenels, dependingon thefield strengthitself. When
insteada fixed integrationintenal in enegy is used,the minimum-enegy andeneigy equipartition
estimatesgive similar valuesfor (Bf’j"), where « is the synchrotronspectralindex (typically ~ 0.9).

The resultingestinateof (B} {*)!/(3*) is larger thanthemeanfield (B, ) if thefield strengthvaries
alongthe pathlength.If, onthe other hand,thefield hasavolumefilling factor f of smaller than1l, the
equipartitionestimateis snaller thanthefield strengthin the filamentsby afactor f1/(3+e) [13].
Nothing is known aboutf yet.

The meanmagneticfield strengthfor the sanple of 74 spiral galaxiesis (By, 1) = 9 4G (0.9 nT) with a
standarddeviation of 3 4G [14]. In nearbygalaxiesthe averagetotal field strengthsin the galacticplane
(correctedor inclination)rangebetween(B;) ~ 4 uG in M33[15] and~ 15 uG in M51[16]. In spiral
arms thetotal field strengthscanreach~ 20 uG locally, likein NGC 6946[17], M51 andM83.
Interactinggalaxieshosteven strongermagneticfields, probablylargerthanthe equipartitionvalues[2].
The strongestfield within anormal galaxyfoundsofar isthatin the circumnuclearring of NGC 1097
with B; ~ 40 uG [18]. Thestrengthof theresohedregularfields B, aretypically 1-5uG locally, but
~ 13 uG in aninterarmregion of NGC 6946(Sect.6); theseareawayslower limits dueto thelimited
angularresolution.

4 Magretic fields and gasclouds

Comparisonof the mapsof thetotal radioemssionof M51 [19] andthetotal (cold + warm) dust
emission[20] revealsa surprisinglycloseconnection.To understandits origin it is crucialto consider
the strong (probablydominant) influenceof thefield strengthon radio intensity Magneticfields are
obviously anchoredn gascloudswhich are tracedby the dust. Remarkably, onedustlanecrosses the
easterrspiral arm of M51, andso doesthetotal field. Furthernore, thetotal radioandfar infrared
luminositiesof galaxiesare tightly correlated.The mrrelationcanbe explained,globally andlocally
andwith the correctslope,by a closecoupling of magneticfields to gasclouds[3,5]. Theradio—
far-infared correlationwithin M31 indicateghatthe couplingis valid evenfor the more diffusegas
mixed with cool dust[5]. Thedetailedcomparisonbetweenthetotal synchrotronntensityandthe cool
gas(HI + 2H,) in aspiralarm of M31 confirmeda mupling of the magneticfield to thegas[21]. The
total field strength B; is highin spiral arms becausehe gasdensityis highestthere.

The mrrelationbetweengasand regular fields is lessolvious. Long, prominent dustlanesareoften
connectedo featuresof regularfields, eg. in M83 (Fig. 1), in theanonalousarmof NGC 3627[22]
andin flocculentgalaxiedike NGC 4414 (Fig. 3). On theotherhand,regularfields are sonetimes
obsened in interarmregions with very little gasor dust(Sect.6).

5 Magnetic field structure

Grand-desigrspiral galaxiesare shapedy densitywaves,but therole of magneticfiddsisyet
unknown. Strong shocksshouldcompressthe magneticfield andincreasehe degreeof radio
polarizationon theinner edgesof the spiralarms. Radio obsenrations, however, show alarger variety of
phenonenae.

The total radiointensityshavs thetotal (=regular+randomfield, the polarizedradiointensitythe
resohedregularfield only. The strongesttotal and regularfieldsin M51 arefoundat the positionsof the
prominentdustlaneson theinneredgesof the optical spiralarms [19], as expectedfrom compression
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NGC4414 3.5cm Polarized Intensity + B-vectors (VLA)
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Figure3: Polarizedradio emisson of the flocculent galexy NGC 4414at X\3.5 cm (VLA, 16" syntheszedbeam),
supermposd onto an optical Ha imageobtainedby C. Horelou. The lengh of B—vecbrsis proporional to
polarizedintensty (Soidaet al, in prep.)

by densitywaves,but theregularfields extendfar into theinterarmregions. In M83 (Fig. 1) thetotal
andpolarizedemissionpeakon theinneredgeof the northernoptical arn in the southernarmthe total
emissionshaws no shift with respecto the opticalarm, while the polarizedemissionis strongly shifted
into theinterarmregion betweenthe southernarmand thebar. NGC 1566[23] andM 81 [24] shawv
almost no signsof field conpressionitheir strongestregularfields occurin interarm regions while the
totalfieldis dill highestin the optical spiralarms. Field tanglingin the spiralarms, e g. dueto
increasedurbulentmotionsof gascloudsandsupernea shockfronts, may explain this result[25]. In
some caseshowever, theinterarmfieldsareconcentratedn “magneticarms’ which cannotbe
explainedby thelack offield tangling(seeSect.6).

Radio polarizationobsenations shav thatthe B—vectorsof theregularfields largely follow the optical
spiral structurein M51[16, 19], M81 [24], M83 (Fig. 1) and NGC 1566[23], thoughgenerallyoffset
from the opticalarms. In the density-wae picture the magneticfield is frozeninto the gascloudsandis
transportedy the gasflow. Thusthefield orientationshould reflectthe streaning lines of the gas,not
thestructureof the spiralwave itself. The pitch anglesof the streaming linesaresmall in interarm
regionsandlargerin spiral arms (thoughstill smaller thanthatof the spiralwave). However, the
obsened pitch anglesof theregularfield arelamgerthanthoseof the streaning linesalmost everywhere.
In theinterarmregions of NGC 6946thefield pitch angleis ~ 20° [26], while the gasflow is almost
azimuthal. Hence the regular magneticfield is not frozeninto the gasflow, but probablymodified by
turbulentdiffusion[27] and/orshapeddy dynano action(Sect.7).

Regularspiral magneticfields with strengthssimilar to thosein grand-desigrgalaxieshave been
detectedn flocculentgalaxies(Fig. 3) and evenin irregular galaxies(Fig. 4). The meandegreeof
polarization(correctedor differentspatialresolutions)s smilar betweengrand-desigrandflocculent
galaxieg[28]. Apparently densitywaves have arelatively small effectonthefield structure.

In our Galaxy several field reversalshetweenthe spiral arms, on kpc scaleshave beendetectedrom
pulsarrotationmeasure$29,30]. Polarizationobsenations of sone externalgalaxieshave sufficiently

253



NGC4449 6.2cm Polarized Intensity + B-vectors (VLA+Effelsberg)
[ O

4409 ) \ v \ \
Q
|

08
07
06

05

DECLINATION (J2000)

04

03

02

Figure4: Polarizedradio emisson of the irregular galaxy NGC 4449at A\6.2 cm (VLA, 19" syntheszedbeam),
combhedwith the extendedemisson observed with the Effelsberg 100-mtelesope(2!5 reslution), and super
imposedonto an optical Ha imageobtainedby D. Bomans Thelengh of B—vecbrsis proporionalto polarized
intengty (from [31])

high spatialresolution,but similar reversalshave not yet beendetectedn the mapsof rotation
measurese g. within the main emission“ring” of M31 (Fig. 5). For othergalaxieslike M51,M83 and
NGC 6946the evidenceagainstreversalsis wealer but till significant. Field reversalsmay occur
preferablyin galaxieswith lessorganizedspiral structure. Anotherexplanationis that pulsaRMs in the
Galaxy tracethefield nearthe Galacticplanewhile RMsin externalgalaxiesshow the averageregular
field alongthe pathlengththroughthe “thick disk” (seeSect.8).

Thereisincreasingobsenational evidencethatmagneticfields are importantfor the formation of spiral
arms. Thestreaning velocity anddirection of gascloudsandtheir collision ratescanbe modified.
Furthernore, magneticfields will alsoinfluencethe star formation ratesin spiralarms. Magneticfields
areessentiafor the onsetof starformation as they alow to remove angularmomentum from the
protostellarcloud duringits collapse.

6 Magnretic spiral arms

Longarms of polarizedemissionwere discoveredin IC 342[32, 33]. Obsenations of anothergas-rich
galaxy NGC 6946[12], revealeda surprisingly regular distribution of polarizedintensitywith two
“magneticarms’ locatedin interarm regions,without ary associatiorwith cool gasor stars,running
parallelto the adjacenbptical spiralarms (Fig. 2a). Thesemagneticarms do notfill the entireinterarm
spacedik e the polarizedemissionin M81, but are only ~ 500—1000pc wide. Thefieldsin the magnetic
armsmust be almost totally aligned and the peakstrengthof theregularfield is ~ 13 4 G. Magnetic
arms have alsobeenfoundin M83 (Fig. 1,southof thebar)andin NGC 2997[34].

The magneticarms cannotbe artifactsof depolarization Firstly, their degreeof polarizationis
exceptionallyhigh (up to 50%). Secondly they look quite similar at A6 cmandA3 cm. Thirdly, they are
alsovisible as peaksin total emission,which excludestheir existencesolely dueto awindow in
geonetrical depolarization(small field tangling).
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M31 6.3cm Total Intensity + Magnetic Field (Effelsberg)
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Figureb: Totalintersity of M31 at A6.3 cm (Effelsberg 100-mtelesope,smoohedto 3’ resolution),and magneic
field orientationsat 5’ reslution. Faradayrotation hasbeencorreced with help of Effelsberg dam at A11.1 cm
with 5’ reslution. Thelengh of vecorsis proporionalto polarizedintensty (Berkhujsen,Beck& Hoernesin

prep.)

We still do not understandhow magneticarms aregeneratedlt wasproposedhatthey couldbe
manifestationsof slow MHD waveswhich may propagaten arigidly rotatingdisk, with the maximain
field strengthphase-shifte@dgainstthosein gasdensity[35]. However, al galaxieswith magneticarms
rotatedifferentiallybeyond 1-2kpc from the centre.Some mrrelationexists betweenthe magneticarms
andinterarmgasfeatureggeneratedn numerical modelsof perturbedgalacticdisks[36]. However,
suchmodelsneglectthe eff ect of magneticfields. In dynano models,using thereasonablassunption
thatthe dynano nunberis larger betweenthe optical arms thanin the arms [37], magneticarms evolve
betweenthe optical arms in a differentially rotatingdisk [26, 38,39]. However, the back-reactiorof the
field ontothe gashasnot beenconsideredsetin present-daydynano models.In the magneticarms the
enegy densityof thefield may exceedthat of the large-scalegasmotion and thusdistortthe gasflow.

7 Faraday rotation and dynamos

Regularmagneticfields could in principle be shapedby gasflows anddensitywaves. Faradayrotation
measuregR M) are essentiato distinguishbetweencoherentandincoherenfiglds. In anincoherent
field the RMs arerandomandshow no lamge-scalestructure. Obsenation of RM coheencyonalamge
scalelikein M31[6,40], NGC 6946[41] andNGC 2997[34], meansthatthefield wascoherent
alreadybefore compressionandhencetheremustbe anotherphysicalmechanism(dynano or
primordial origin) to generatesuchan orderedfield. Therole of densitywaves would thenbe restricted
to thealignment of the large-scalecoherentfield with the spiral arms.

The strongestevidencefor dynano actioncomesfrom M31 (Fig. 5). Radio obsenrations of M31
revealeda 20kpc-sizedtorusof magneticfields alignedin a single direction[40]. Only thedynano is
ableto generatea unidirectionalfield of suchdimensions RMs from polarizedbackgroundsources
confirmedthis picture[6]. Theregularfield existsalsointerior to the prominent“ring” andextendsout
to atleast25 kpcradius.

Dynanos are promising candidatego generatecoherentfields, evenin galaxieswithout densitywaves.
The linearmean-feld dynano [13,42] generatesnagneticfield modeswhich have spiral structuredue
to their azimuthal andradial field components.The pitch angle of thefield spiraldependonthe
dynano number, not on the pitch angle of the gasspiral. The field structureis describedoy modesof
differentazimuthal andvertical symmetry; in generala superpositionof modesis generatedA
large-scalepatternin maps of Faradayrotationmeasure§RMs) revealsthe dominanceof asingle
dynano mode[43]. A single-periodicazimuthal RM variation (with a phaseequalto the pitch angle of
the spiral structure)indicatesa dominating axisymmetric dynamo mode(ASS m = 0), asin
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M31[6,40] andIC 342[32]. Double-periodicazinuthal RM variationsindicatea dominating
bisynmetric dynano mode(BSS m = 1) if their phasewvary with radialdistanceasexpected43], asis
the casefor M81[24] andpossiblyM33[15]. TheinteractinggalaxyM51 is a specialcase.Analyzing
all available polarizationangle data,thefieldin M51 canbe describedasmixed modes(MSS), with
axisymmetric andbisymmetric componentshaving aboutequalweightsin the disk, togetherwith a
horizontalaxisymmetric halofield with oppositedirection[44]. The magneticarms of NGC 6946 may
betheresultof a superpositionof the ASSand the quadrisynmetric (m = 2) modes,while theBSS
modeis suppressedly the two-armed spiral structureof the gas[26]. In mary othergalaxiesthe data
arestill insufiicientto allow afirm conclusionwhetherthe large-scalepatternof theregularfield is even
more conplicatedor the distribution of thermal gasis non-axisynmetric sothatthe RMs aredistorted.

The similarity of pitch anglesbetweenthe dynano-wave and the density-wave spiral is not self-evident
andindicateshe existenceof sone interactionbetweenthem Futuredynanmo modelshave to include
densitywaves and the back-reactiorof thefield.

By comparingthe signsof the RM distribution and the velocity field, inwardand outwarddirectionsof
theradial componentof the spiral magneticfield canbedistinguished Surprisingly, all knovn ASS
fields (M31,1C 342,NGC 253)andthe MSS fieldin NGC 6946pointinwards. Dynano actiondoesnot
preferonedirection. This indicatessone asymmetry in theinitial seedfield andexcludessmall-scale
seedfields [41], possiblya cosnologically relevant result. A larger databaseis needed.

8 Edge-ongalaxiesand radio halos

NGC 891,NGC 5907andNGC 7331andotheredge-ongalaxiespossesshick radio diskswith ~ 1 kpc
scaleheights.In thesegalaxiesthe obsered field orientationsaremainly parallelto the disk [45].

NGC 4565hasthe most regular plane-parallefield [46]. Bright, extendedradio halos(with scale
heightsof saveralkpc) are rare. NGC 253is the edge-ongalaxy with the brightestandlargesthalo
obsened so far[47]. Theirregularappearancef theNGC 253 halois mainly dueto thelower
sensitvity comparedwith the mapof NGC 4631. The regular magneticfield in the disk of NGC 253is
alsopredoninantly parallelto the plane[48] which may bedueto strongdynano actioneven closeto
the centre.Some radio spurswith vertical field linesememe from the outerdisk.

NGC 4631,NGC 4666andM82 arehalo galaxieswith dominating verticalfield componentq49-52].
Magneticspursin thesehalosare connectedo starforming regionsin thedisk. Thefieldis probably
draggedout by the strong, inhomogenouggalacticwind. Evidencewasfoundfor a directdependencef
the halo extentonthelevel of enelgy inputfrom theunderlyingdisk [53]. The magneticfield linesin
the NGC 4631halohave adipolar structure(Fig. 6) in theinnerdisk wheredifferentialrotationis weak
sothatthedipolar (antisymmetric) dynano modecanevolve. A few regionswith field orientations
parallelto the disk arevisible in the (differentially rotating) outerdisk. Mapsof rotationmeasuresre
requiredto testthe dipolar model.

In the planesof edge-onspiral galaxiesthe obsened polarizedemissionis weakdueto depolarization
effects. Faradaydepolarizationaloneis insufficientto explain the low degreesof polarizationnearthe
planeof NGC 4631[50]. Thefield structurein the planeis mostly turbulentdueto starforming
processes;ausingdepolarizatiorelong theline of sightaswell asacrosshetelescopebeam[45]. The
degreeof polarizationat high frequenciesncreasesvith increasingdistancefrom the planebecausehe
starforming actiity andthusthefield turbulencedecrease.

9 Barred galaxies

Gas and starsin barredgalaxiesmove in highly noncircularorbits. Gasstreantines arestrongly
deflectedin the bar region alongshockfronts, behindwhich the gasis compressedn afastshearing
flow [54]. Asthegasin thebarregion rotatesfasterthanthe bar, compressiorregionstracedby massve
dustlanesdevelop along the edgeof the bar thatis leadingwith respecto the galaxy’s rotation. Gas
inflow along the compressiorregion may fuel starturstactivity in adensering nearthe galacticcentre,
althoughit is notclearhow the gascangetrid of its angularmomentum beforefalling into the active
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Figure 6: Total radio emision and B—vecbrsof polarizedemisson of NGC 4631at A22 cm (VLA, 70" syn-
theszedbeam).The B—vecbrshave beencorrecedfor Faradayrotation, their lengh is proporionalto polarized
intersity (Krause @ a., in prep.)

nucleus.Theeffectsof magneticfields on gasflows in barredgalaxieshave not yet beenaddresseéh
models.

¢Fomasanple of galaxieswith strongoptical barsobsened with the Effelsbeg, VLA and ATCA
telescopesthe strongestregular magneticfields weredetectedn NGC 1097,NGC 1365,NGC 4535
andNGC 7479.NGC 1097andNGC 1365arebarredgalaxiesof morphologicaltype SBbc with their
barslying aimostin the planeof the sky so thatspectroscopimbsenations of the shearinggasflow are
very difficult.

The generalsimilarity of the B—vectorsin NGC 1097 (Fig. 7) and gasstreaniines aroundthe bar as
obtainedin simulations[54] is striking. This suggestshatthe regular magneticfield is alignedwith the
shearingflow. We obsenre ridgesof enhancedotal magneticfields which coincidewith the optical dust
lanes.The upstreamanddownstreanregionsof enhancegbolarizedenissionareseparatedby a strip of
zeropolarizedintensity the locationof the shockfront, wherethe obsened B—vectorschangetheir
orientationabruptly (Fig. 7). This large deflectionangle leadsto geonetrical depolarizatiorwithin the
telescopebeambecausehe strip wherethefidld changests directionis narrowver thanthe spatial
resolutionof our obserations. Our polarizationobsenrationsimply thatthe shockfront in the magnetic
field is located700-90Qoc in front of the dustlanesjn contrastto conditionsin classicalshocks.
Furthernore, the dgreeof field alignmentis largestupstream(with a degreeof polarizationof up to
50%, right half of thebarin Fig. 7), notdownstream This indicateshatthe shock generatedield
turbulence.Numerical modelsincluding magneticfields are required.Strong deflectionsof the
B-vectorsare alsoobsened in thebarof M83 (Fig. 1) andin NGC 1672(Fig. 8).

The drcumnuclearring of NGC 1097is a site of ongoingintensestar formation, with anactive nucleus
in its centre.Thelocal equipartitionstrengthsof the total andregular magneticfields are B; ~ 40uG
andB, ~ 7uG inthering. Thefield strengthreachests absolutemaximum wherethe compression
region intersectswith thering. The regularfield swingsfrom alignmentalong the bar to a spiral pattern
nearthering [18]. In contrastto the bar, conditionsfor dynano actionare idealin thering. The
orientationof theinnernostfield agreeswith thatof the spiral dustfilamentsvisible in the optical HST
image.Magneticstressn the circumnuclearring candrive massinflow to feedthe active nucleusin
NGC 1097.

257



NGC1097 3.5cm Polarized Intensity + B-vectors (VLA)
-30 16 15 T 777 ?

3d]

4¢]

1700

DECLINATION (J2000)

02 46 24 23 22 21 20 19 18
RIGHT ASCENSION (J2000)

Figure 7: Total emissian and B-vecorsof polarizedradio emisson of the southernhalf of the barredgalaxy
NGC 1097at A3.5 cm (VLA, 15" syntheszedbeam) supermposdonto an opticalimageof H. Arp (MPE/Cerro
Tololo). Thelength of B—vecbrsis proporionalto the degreeof polarization. (from [18])

Our resultshave revealeda principal dif ferencebetweenthe behaviours of magneticfieldsin barredand
non-barredyalaxies.In barsthe magneticfield appeargo interactstronglywith the gasflow. In
non-barredyalaxiesthefield linesareof overall spiral shapesothattheregularfields do not follow the
gasflow, whichis typical for dynano-generatedields.

10 Openquegions

All gas-richgalaxies,evenirregularones hostfieldsof ~ 1 nT strength.If thefieldsdo notfill the
wholeinterstellarspace they areeven stronger The dynanical importanceof magneticfieldsin
galaxiescannotbe ngjlectedarymore. Increasingresolutionof theradiotelescopesnd higher
sensitvity of therecever systens revealeda spectrumof featuresOn largestscalesextendedspiral
fields of differentsynmetry modeswerefound,typical signatureof dynano action.How thefield can
adopta similar pitch angle as thatof the optical spiralremainsa mystery The preferredinward
directionof axisymmetric fields, if confirmedby future obsenations, also awaits explanation.On
intermediatescales,' magneticarns’ betweenthe optical spiralarms (Figs.1,2a) arestill puzzlingas
they seemto bedisconnectedrom the gas.On the other hand,fields canalsobe alignedby gasflows in
density-wa&e and barpotentials.The unexpectedocationof the shockfront in a barredgalaxy (Fig. 7)
tells usthat strongmagneticfields interactwith the gasflow, but detailsarestill unobserable. Radio
halosare theresultof magneticfields pulled outwardsby galacticwinds. Alternatiely,
dynano-generatedlipolarfields (Fig. 6) may enhancethewind. Some structuresn radio halosshav
similarities to thosein the solarcorona:loops,spurs[50] andpossiblycoronalholes[17].
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Figure 8. Total emission and B-vectorsof polarizedradio emission of the barred galaxy NGC 1672
at X\6.2 cm (ATCA, 26" synthesizedbean), superinposedonto a Digital Sky Survey (DS9S optical
image. The lengthof B—vectorsis proportionalto the polarizedintensity (Ehle, Haynes,Beck et al.,
unpublished)

11 Limitationsof presert-day polarization observations

Regularfields in galaxiesshow structureson kiloparsecscalesvhich canbe obsened with present-day
radiotelescopesTypical polarizedintensitiesat A6 cm are50-10Q:Jy per15” beam(VLA D
configuration,snoothed).In caseof equipartitionbetweencosnic-ray and magneticfield enegy
densitiesand assunng a wnstanfield strengthalong a pathlengthof 1 kpc, theseintensitiescorrespond
to regularfields of 5-6uG strength.The 15" beamcanresole only 730pc at 10 Mpc distance thusthe
detailedfield structureremainsunexplored. With the next higher VLA configuration(~ 5" bean) the
polarizedintensitydropsto 5-1QuJy perbeamwhich cannotbe detectedwithin reasonabléime. For
exanple, only the circurmuclearring of NGC 1097is visible in polarizedemissionat A6 cmandA3 cm
with the VLA C-configuration.Within the optical spiral arms polarizedemissionis evenlower dueto
field tanglingon scalesof 10-100pc. Hence while the VLA in principle providessufficiently high
angularresolution,its sensitivityis too low to studythe detailedfield structure.

Anotherlimitation is galacticdistance . Thoughradiointensityper unit beansizeis
distance-independé& more distantgalaxiescanbe obsened with the sane signal-to-noiseratio only as
long asthe spatial resolutionis aufficientto resole them If thelame-scalestructureof the magnetic
field is notfully resohed, polarizedintensitydecreasedueto geonetrical depolarizatioracrosshe
beam The curvatureof aspiralfieldis dgnificantbeyonda scaleof ~ 5 kpc, thuswe losepolarized
intensityperstandardl5” beamfor galaxiesbeyond~ 70 Mpc distance.Again, usingthe next larger
VLA configurationdoesnot helpbecauseheintensitydropsby afactorof ~ 10. Hence polarization
obsenations of distantgalaxiesare sensitivity-linited, too.

With the SquareKilometer Array thefield structurescould be obsened of 10x more distantgalaxies
which are several Gyr youngerthanthe nearbyobjects. The dynano timescalds some 10° yr [13] so
thatwealer or lessregularfields may beexpectedat larger distanceslUsing Faradayrotationmapping,
evenyoungergalaxiescanbe obsened (seebelow).
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Faradayrotationmeasure®f backgroundsourcesantracemagneticfields to largerradii thanpolarized
intensity Within the disks, theratio betweeninternal RM andbackgroundRM allows todetectfield
reversalsalong theline of sight. However, the numberof available sourcesis very low. In theM31field
(=~ 1.5 squaredeggrees)only 22 backgroundsourceswith polarizedflux densitieshigherthan0.3 mJy
were foundat A20 cmwithin 1 hour VLA on-sourceobsenration time [6]. In amuch smaller field like
thatof NGC 6946,the number of available sourcesdropsto lessthanl1. Evenwithin several hours
obsenation time only afew polarizedbackgroundsourcesaredetectable The much bettersensitvity of
the SKA will allow for thefirsttime asysterratic RM mapping of galaxies.

Signaturesof aregularfield with abisymmetric spiral structureweredetectedn theintenening
(z = 0.395) galaxyin front of PKS 1229-021[55]. The SKA will allow suchstudiesof the magnetic
field structurein very younggalaxieswith higherresolutionand much bettersensitvity.

12 Prospectsfor the Squae Kilometer Array

¢ High-resolutionpolarizationmappingat centimeterwavelengths:
— Polarizedintensitiesat differentspatialresolutiongo obtainthe turbulencespectrunof the
regularfield, to be comparedwith modelsof field generatiorand destruction

— Detailed comparisonbetweenmagneticfields and gascomponentsof varioustenperatures
anddensities:Which gasconmponentsnteractwith thefield?

— Detailed comparisonbetweenfields and the gasflow in star-forming regions, spiral arms,
bars,centralrings: Whattanglesthefield? Whereis thefield frozeninto the gasflow, where
doesit diffuseaway?

— Field structurein halos: Searchfor loops,streaners,coronalholesandindicationsfor
magneticreconnection

— Needed:Systens in the Faraday-thirregime (> 5 GH2)
¢ High-resolutionpolarizationmappingat decineter wavelengths:

— Field structurein the foregroundFaradayscreen
— ISM tomography
— Needed:Systens with alamge number of bands(0.3-2 GHz)

¢ High-resolutionFaradaymapping:

— Direction of axisymmetric spiralfields

— Searchfor field reversalsin disks

— Reversalsin halos: Wind or dynano?

— PolarizedbackgroundsourcesExtent of nearbymagneticdisks

— Distantpolarizedradio galaxies:Field structurein intenening galaxies
— Needed:Systens between2 GHz and10 GHz

¢ High-resolutionZeenan mapping (beyondthe scopeof this paper)
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